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“J’hc  “I’ol’li X/J’ 0S131” )ON spacmaf[ was launclmi
sucmssfully  on  AugusI 10, 1992.. 3’IIc Sa[cllitc  i s
powered by the Modular l’owcr  SubsysIcm (MI’S)
containing 3 NASA Stanciard  S() Ah cai~acity
bat[crics  manufac(umi  by Mc] Xmncll  l)ouglas. 3’IIc
cells were manufactured by Gates Acmspacc
Ilt(llc~rics  (GAll)it~Al>ril 1991. l’li[)rtolat]t]cl],two
o[lmr rcccatly launched  NASA satellites wcw
cxpcricncing ba[[cry problems, the Gamma Ray
obsct-valory  ((i]{()) and (1)c lJppcr Atmosplmrc
Research %lclli(c  ((JARS). IIoth satcllihx were
exhibiting large (iivcrgcncc  on the half-t~al(cry
vollagcs  mni[orcd. }{vcntually$ onc of lhc GIL()
l~:l[[cry llalf-vollagcs  rcachcci a ]imil of 750m V (an
indicalionof  aninlcrnal  cdl slml) an(i wasrcn]ovc~i
fl-otllt  llccllargillgl ~~ls.  l;oilowil]gl  l]iscvcl~l,l  );lllcry
Inanagclncn[  lccllniqucs  wcl-c  api~limi  10 bolil
spacccraf[  10 corrccl  lim anomaly.

i’rior 10 the ‘1’01’l{X launch. the IIatlcry  Managcmcn(
‘ham was formxi.  “1’hc team rccomnlcn(icxi  ccriaii]
oimralional  actions for (ilc ‘1’01’l;X  salcililc.  11 was
lmlicvc(i,  (hat some of the fac[ors influcaciag II]is
type of anomalous behavior of lhc ballcrics  were:
cxccssivc ovcrdmrgc  an(i i)igh peak charge cunmls.
la micr  10 bcllcr m a n a g e  Iilc balmics, a lcn(icr
loving c a r e  (’I’i <C)  mo(ic of opcratioa w a s
IL>coll)IllcIl(  icil. “Il]c ‘1’I.C mmic imlu(ic4i  lhc
following actions:

1. Avoid cxccssivc ovcrci~argc  by ]nanaging  tllc V~l’
icvcls of operation during (ilc occul[alion  pcrimis.
Mainlain  IIW C/1) ratio o f  lhc ba[lcrics  wi[ilin
rcco]nmcn(icxi  iimits.

?, l.imi[  ll~clx}:lkcl]argccul”[ct]t  10 20A maximum.
of fscl  thcsoiar array from normal 10 [hc sun.

3. Avoi(i iligi] charge currcnls  (iuring  full sun pcriwis
i~y opcra[ing  at lower V1l’levels.

4. Swiicl]  10 tllc lower currcnl  sensor for ampcrclmur
i]llcgra[ion [0 impmvc C/1) ralio accuracy.

As pari of (hc ‘1’01’IX ba([cry managcmcn[}  some
imporiant  bat[cry parameters arc monitored seven
days a wink. ‘1’hcsc paramc[crs  arc trcn(icki  aad
cmparcd  to lhc G]<(), LJARS, INJV1l saldii[c ba[tcry
(iala and inlmsc  tcsl (iata from two CCII packs
cyclcli un(icr simulalrfi  ‘I’ol’li X o[-i)it  regimes.

“1’hc  ‘1’01’I{X  spacccraf[ has an orbit of approximalc]y
112. minu(cs wiih cdipsc (iuralions varying from () to
35 minulcs.  “1’i)c occultation pcrio(is arc 45 and 90
(iays long  wi th  ?()-(iay  fuli sun pcrio(is  hc(wcm
[hcm. ‘1’his  regime repeals limughoul  the (iuralioa of
Ihc mission. “J’his paper c.ovcrs the Ircn(i anaiysis  of
(iata for lhc first two occultation pclimis (Aug. 1992
- January 1993),

1 .is[c41 below arc some of the ballcry pam]mlc.rs
wilich  ilavc  been lr-cn(icct from launch.

C/1) ratio. “1’ilc charf,c inpul over lilt (iisclmgc
oulpu[ for each od)ii.

Ncl overcharge. ‘J”ilc c.lmrgc inpul (0 liN iMlcry
aflc,r rc,ac. hing ioo%”  slate- of-char~,c masurwi  in
:111]1>-ll]i]ll]lc.s.

IDe[ikcll;irg[’  cl]l”l.(’t]t.  l’i]ccllr[-c[ll  (illril~g  (l~cil]iti:li
pari ofll}c( i:lyv~ll(’lltl  ]csol:lral-  layisal”  thccokicsl
lcmpcraturc mcasmxi  in amps. ‘1’his  is lim tligiml
current avaiiablc  for charging [hr. hallcrics.

‘1’apcr  current. ‘1’hc currcn( a( Ii]c ca(i of (iay
mcasumi in ami)crcs.

Voltage diffcrcntiai. ~’hc (ii ffcrcncc  bclwccn lt lc
voltage of CCIIS  1 tiuough  11 an(i (I)c vo](agc of CCIIS
12. through ?2 mcasurc4i  in mil]ivolls.  ‘i’ra(iilioaaiiy
[his i~aramcicr  remains below 50 mV unlii  tiw cnci-
of-life of lhc ballc.ry  at wilicll  [imc i( incrcascs to
higher ICVCIS.

ltnd-of-nigll(  l)altcry voltagd. ‘1 ‘iw Mlcry WI (age
at the cmi-of-nigill. ‘I”his  voi(agc  is tlm lowest (iuriag,
IIlc orbit.



]Mttc’r-y  [(mlpciatllre. ‘1 ‘hc Icmpcrat  uc of each
ba[[cry moni[orcd at lhc top of each  bat[cry in
dcgrccs cclsius.

l)uling t h e  firsl six months of [11(?
‘I’OI’liX/l’OSl{  ll)ON mission t h e  IIal[cry
Managcmcnl  ‘J’cam w a s  adivcly  rcc(~]]~l]~c.l](iit~~
adions [o bc taken 10 opcl-a(c the batlcrics under lhc
rcmmnmn(icxi  ‘I’l C Inmic. }:ig. 1 is a pic(orial
rcj~lt:s~:f~lali(~t~  of (11c siginificanl  events tha[ look
place (iuring  Ii]c first (wo occultation periods.

‘1’1](! p e a k  ci]argc cwrrcn( w a s  rcduccd  from
approximalcl  y 30 A to approximatcl  y 19 A by
offsclli  ng [IIC soi ar artay  by 5’1.5c’. ‘1 “ilc ovcrclmgc
1 0  lllc ba[[crics w a s  n]ininliz.cfi  by opcraling  al
various vrr levels. l)uring  full sun opcralion  Ihc
V/J’ ]cvcl  was sc[ al 2, during orbils wi(ll cclipsc
dura(ion below ?8 minulcs lhc V~l’ Icvcl  was sc[ al
3 :in(i during o]-bils  will] cclipsc  duralions  above 28
nlinutcs IIlc V/’l’ lCVC1  was SC( al 4.

‘1’rend A naiysis

C/1) Ralio
‘1’llis paralnc[c]- monitors CnCI-gy  balance an(i
ovmhargc. ‘I”l]c rcco[]ll]]~:l](l:ltiot]”  p[ior 10 iaunc]l
was 10 mainlain  Il]c (Y]) ratio  [0 105+ 35%.

l;ig. ? illuslm[cs  the. (rcn(iwi  C/1) ralios fol- cacll  orbit
of (I1c. firs( occultation pcl-io(i  (8/29/92 [Immgh
10/7/9?). ‘I”llc  (Y]) ratio (iuring (his pcrio(i  was
mainlainc<i  willlin  O)c r~’cotl]]]l~:ll(i(><i  g u i d e l i n e s  an(i

on  an  average  (iid not cxcct4i 108.5. A l l  ballcrics
remained wi(l)in  falnily.

‘1’llc  ciiffcrcncc,s  in tllc U) values anmng IIlc IImc
ball crics was ac.cou nlcd by t IN (ii ffcrcnccs  in (I)c
Ilmc lligl)  curmn( scnsoIs usc4i for nmni[oring  IIJL?
indivi(iua] ballciy curwn[ above 3 A an(i the low
c.urrcnl sensors usc(i  (0 monitor Ihc batlcry currcnl
hc.low 3 A, ‘J’ilc C/1) paramc(cr  is unreliable in Ilw
region of small czlipsc  (iurations  duc [0 [hc large
error inlro(iucc4i  in lhc calculation of IIlc ralio {iuring
lhcsc small dcl~tll-of-(iiscllargc(l)ol))”  pcrio(ts.
l)uring  [hcsc Jx2riods  (which occur for a fcw days al
lhc beginning an(i at tl~c cn(i of each occultation

period) a more reliable paramc[cr 10 monitor is t]IC
nc[ overcharge.

]iig. 3 iliuslralcs  tiic  [rcn(icd  CM ) ra[ios for each orbi(
of Ii)c sczond occultation pcrimi (10/27/92 tlmmrgh
1/28/93). ‘1’hc C/J) ratios during his pcrioct  remained
wilhin  lhc same levels as the first occultation period
11 is shown fron] (1K3 figure tha[ lhc V~l’ level change
during (I)c ccn[cr of the ocml[ation  pcrioct  (cclipsc
Iimc ICSS than 28 minutes) was successful in
maintaining the U) ratio within the rczommcndcd
ICvcls.

Calibration cocfilcicnl  ci]angcs  in the ground sys(cnl
an(i lhc 1’MON  (1’owcr Moni[or)  on li~c salclli[c were
i mplcmcn(cd  during tl]is period to rcflrx[  a bct[cr
accuracy on [i]c high and low currm[ sensors, The
1’MON changes infiucnccd  the calculation of the CM)
ra(io and lhc ncl overcharge paramc(crs. ‘J”his  is
rcficztcd in II]C (Y]) [rcn(i (ia(a (iuring 1)0% 346
when Ii)c C/1) of Mrllcry #12 and #Ki incl-cased an(i lhc
CM) of hallcry  #l 1 dccrcascxt.  l;rom [hat day on the
C/1 ) r-al ios of all Ihrcc bat (cries appcarmi  (0 bc wilhi n
a nmowcr range. ‘1’hc ground coefficient changes
influcncc(i  Illc conversion into cnginczring  units  of
lhc higl) an(i iow bal(cry  cwrrcn[s. ‘1’llis  change had
no influcncc  on lhc C/1) ratio an(i (hc ncl overcharge
pammc,lcr.

It may bc nolcd that peaks in li]c (Y]) ralio  were
observed whcncvcr changes to Ihc V1l’ ICVCI were
ma(ic.  Wllcn (hc Vfl’ lcvci was incrcasc(i (I)c 01)
ralio for a fcw orbits would inc.rcasc  [0 as high as
130. When Ihc V~l’ level was (iczrcascd (I]c U])
ralio woui(i (iccrcasc  for a fcw orbits 10 as low as 90.
“Ihcsc  peaks in C/1) ratio were cxplainc(i as shif[s in
IIw clcclroclmmical  slate-of-charge of Ihc balmy, as
lhc ballcry  was incrcasc(i  to a higher V~l’ level of
operation lhc ballcry  would require a ccrlain amount
of ovcrchal-gc to reach a l)ighcr clcclrocl]cn)ical  S( a(c-
of-charge an(i vice versa.

SaInc lyl)cof peaks in I1)C C/1) ralio wcrcobscrvc~
(iuring maneuvers. l)uring  [hc orbit of the maneuver
(llctitll(:  w'i[llill  ll]corl)i( v'as]lo[ sL]fficict]t  [o[olally
rcchargc the baltcry  (low U)) 10 the same Icvcl.
“1’l]c immcfiialc  orbi( af(cr, [hc batlcrics  w e r e
accepting a i]ighcr Icvcl of charge (higl] C/1)) (0
compensate for lhc losses from ti]cprcvious  orbil.



Net Ovcrc.llargr
“1 lm Nc[ Ovcrcbargc moni[ors  the total cxccss  energy
inpul (0 llm hal[crics  and it m a y  be cormlalwi  to
bal[crywcarou[.  3’11is IJaratl]clcr  isdirez(ly rclatr41(o
llJc(Yl) ratio J)aramc(cr. IIowcvcr, it is considcmi
nmrc accura(c [ban the 01)  parameter during lhc low
1)01) cclipscorhi[s.

l;jg.  4 cxl]ibils  (I)c net tivcrcbargc  during [hc firs[
occultation pcrimi. ‘i’hc net ovcrchargco  fall (hrm
bat[crics  did no[ cxcmj  30 amp-minu(cs  which is
Ic.ss (Ilan 1% of the name p]atc capacily  of cacl]
ba[[cryo

l;ig.  5 cxllibi(s  the nc( overcharge during (hc sczond
occultation pcrioci. I)uring this period the nc[
ovmchargc Jmamctcr again did not cxcccd  30 anlp-
minu(cs. l)uring V~I’ lCVCI changes, peaks in (I1c nc(
ovcmhargc parameter were observed for the same
reasons outlincxi  in the above scxlion.

All (lwcc batteries were wi[hin tlw same range (luring
boll] occultation periods. On 1)0% 346 IIIC I’MON
modifications influcnmi tbc net overcharge
paramclcr in an i(icntical  way as the C/1) paramclcr,
l;rom IIlal day on the ncl-ovcrcllargc  paramclcrs  for
all tlm4: ba(lcrics were in a narrower range. overall
this paramclcr  vcri ficd tl)at (Im halt cries were ncill)cr
over-charged nor un(icr-chargxi.

l’eak Ctmrgc  Current
‘1 ‘hc peak charge current was nmni[orcd and
main[ainc~i  bc]ow Ihc rccommcmicd  ?.() amp limit.
‘1’llis  cumnl varies as a funclion  of Ihc power ou[pu(
of (I1c solar ar[ay.

l;jg.  6 and 7 cxhibil  (hc peak cbargc  currcn( trend
dala for each orbit during lhc firs{ and scmnd
oc.cullalion  period rcspc~[i vcl y, ]nilially  lhc peak
charge curmn( was as high as 22 amp willl Ihc solar
array offscl al 55°. As Ihc czlipsc,  time incrcasc~i  the
solar array lcmpcra(ui-c cicc.rcascd, II)crcforc,  the solar
arlay power oulpul i ncmascxi. I’his dctcrmincd  the
change of solar array offsc[ angle 10 57.5°. ‘1’llc
57.5(’ angle was maintaining [hc peak charge currcn[
10 tlw. ballcrics under 20 amps.

l)0% 268 IIIC salclli(c  was p]accd  in a safchold mode
of opcra[ion  duc to a parameter error in lhc Atli[u(ic
1  XXcrminalion  a n d  Co’nlml  Subsyslcm (ACS).
1 )uring  [i]is  nmic of opcralion,  h solar array was
Hmvcii  normal to the sun, (Ibis con(iilion  lasmd for

4 mbits) consequently Ihc cllargc  cuI”I”cnt peaked to
30 anlJm which is tllc current limil of tbc Slandard
l’owcr Regulating Unit (S1’RIJ).  Since the duration
of Illis conciition  was so sbori, no effect was seen on
Iilc bat[cry performance,

‘1’i]c sa[cllitc  normaliy  wou]ci go jn(o no yaw skcring
bclwccn beta prime values of + 15° and -15°.
IIowcvcr,  during 1)0% WI lhc sa[cliitc  was placed
in the no yaw stccri ng mocic  at bc(a Jwimc -I 2.3°. “J’ilis
rcsul[cd  in a lower peak charge current during tlla[
period of [imc.

l)uring [hc shor[cr cclipsc  (iura(ions Il]c peak charge
currcn( dccrcascd  [o as low as 12 an]ps. “1’llis
occurcd, duc to the facl lhc 1)01) was low and the
ballcrics (wllicll  were almost fully charged) rcachcd
liic V~l’ Icvcl voltage fas[cr Ihan ti]c current could
reach its maximum Iimi(,

Taper Cllrr(’nl
“1 ‘ilc lapcr currcn[ of each hallcry  was moni [orcli
llmugh  Iim two occultation pcriocis. ‘1’i]is  currcnl is
IIIC currcn[ lhc batlcrics  rquirc to m a i n t a i n  ti]c
cilargc vollagc during ti]c cons(an[ vol[agc char~ing
por(ion of [iN3 (iay. ‘1’llis  paramc(cr  may bc used as
a ba[(cry cfijcicncy  indicator.

l;ig. 8 an(i 9 cxilibi[  (hc Iapcr curlcnt  for cacl] ba[tcry
{iuli ng t h e  first an(i scmn(i  occ.uita[ion  JJcrio(i
mpccli vcl y. ‘1’ilc Iapcr currcn( varies as a funcl ion
of the opcral i ng V~l’ level. ‘1’i)c higbcr liic Vf 1“ icvcl
tile. higllcr  Ihc lapcr currcnl. ‘1’i]is  is exhibited in the
Ircndc(i  data of both occultation pcrio(is. 1 )uring the
V~l’ Icvcl  transition for approximate.ly (Ilc same
c.clipsc  (iuralion  a hig])cr currcnl is required al the
higi)cr V~l’ level. “1’hc taper c.urrcni  also varies as a
funclion  of lime available for charging. ‘1’i]c longer
(hc charging time Iilc iowcr lhc lapcr current. “1’i]is
is cxhibi[cd in both figures w]]crc lhc taper currcnl
lrmi (iala reflects Ihc sllapc  of (i)c curve of lilt
ccl ipsc duration. AI the maximum cclipsc (iuralion
of 35 minu[cs lhc lapcr currcnl rcacbc<i  a tnaximum
of appwximatcly 6(K) InA. ‘1 hc t apcr curmnl of Iim
sccon(i  occui[alion  period rcmainc(i  al the smc
lCVC.IS cxllibilcd ciuring  tile firs{ occultation pcrio(i.
All Ilm;c ba[[crics rcmainc{i  wi[hin [bc san]c range
and none cxpcricncc4i  any unusual behavior.
I lowcvcr,  tlm lapcr current wil i bc incrcasi  ng as Ihc
ba[tcrics agc bccausc  lbc efficiency of (hcf bat[crics
(iccmascs  an(i tile internal i mpc(iancc i ncrcamd



Voltage l)iffcrcntiat
‘1’hc vo][agc diffcrcn[ial  paramcmr  has historically
been trcnckxi  10 cvalualc ballcfy  slam of hcallb. “1’hc
vo]lagc diffcmn(ial  is Ihc diffcrcncc of Ihc two half-
bat(cry vo][a~cs.  IIis[orically,  (his parameter would
remain under 100 nlV un[ii tbc cnd-of-]ifc of the
ba[[cry.

l:ig.  10 and 11 cxhibil  (hc vol(agc diffcrcatial of
ba[(cry #l 1 for each orbil for lhc firsl and second
oc.cul(at  ion pcl-iod rcspccli  VC1 y. “1’hc volt agc
diffcrcnlial  of ba((cry #l 1 remained unctcr  2(I n]V at
all times. l)uring the taper charge porlion of lhc
orbil Ibc vo][agc differential was a[ () HIV, during Ihc
peak power tracking it incrcascd  to 11 n]V and
during Ihc discl)argc  il dmcascct back 10 () tnV.

1 luring ll~c smaller cturalion cclipsc  periods the
vollagc di ffcrcnt i al cxt libitcd cusps during (11c peak
power charging porlion of lhc orbit.  ‘J’lmc cusps
[Cndcd  10 disappear aflcr Ibc cclipsc  duration
i ncrcasc41  above 1() mi nulcs.

l;ig.  12 and 13 cxllibit  lllc vollagc diffcrcn{ial  of
ba[(cry #12.  for each orbil for lhc first and scmnd
()(X11]  (:l[ioll ])CliOd  ICSPCCI  i  vc]y. ‘J ‘hc volt agc
diffcrcnlial  for bat[cl-y #2 behaved Vcl-y similar m
Illat of ballcry #l 1.

l;ig.  14 and 15 cxhibi( lbc vollagc  differential of
baltcry  lhrc43 for each orbil  for IIm firsl and scmn(i
occ.ullalion  period l-cspcx’,{i  VC1 y, Again, bal[cry #/3
cxhibilcd similar bclmvio[  during IIwsc Jwiods of [I)c
mission.

Ih~d-of-Nigt]l  IIatfcry Voltage
“J’hc  cmt-of-nigbl  bal[cry vollagc (JioNV) or cnd-of-
dischargc voltage (llOI)V)  is (I]c ]owcsl  vollagc the
ba[lcry  rcaclws during the cad of Ihc cclipsc period
of each mbit. ‘J’his par-amclcr may bc used as an
efficiency or wcaroul  indicalor. ‘Ihc internal
impcdancc of lhc batlcrics  varies as a funclion of
slalc-of-charge an(i it incrcascs  as (bc slalc-of-charge
(Iccrcascs.  “1’bus, tjlc higher Ilw 1)01) [l~c Ilighcr the.
inlcmal  impcdancc and hcmc (Iw lower lI)c l\ONV
of II]c ba[lclics. in a(idilion,  as IIlc ballcrics  age, i[
i s  cxpcxlcd (ha[ tllc Cfficic,ncy  o f  ljw b:it[crics
dccrcascs and Ihc internal impcdancc incrcascs.  ‘J’l]is
rcsulls  in hvcr  lioNV witl~ agcing, ‘1’his paran~c.je,r
is impor(ant  in supi~or[ing Ihc vo]tagc rcquircmcnl.s
of [I)c various sa[cljilc  inslrllnlcn(s.

l;ig. 16 and 17 illuslralc  lhc EONV for each battery
for each orbi[ for the first and second occul[a[ion
pcrioci  rcspcclivc] y. 1 )uring bo(b occultation Jwriods
IIIC 10WCSI liONV was 27.52 V which oc.curnxt
during lhc longcsl  cclipsc  periods when the 1)01)
was at Il)c highest level (12 %).

l;ig, 18 exhibits the ccl]  voltage versus capacity
discharged for six CCIIS from the same manufacturing
10 I as (IIC flight  baltcrics. WJ]cn  the opcra[ing 1)01)
was lCSS than 5$% the bat[crics  operated a[ the ini{ial
knm of this curve. As the 1)01) incrcascd  the CC1lS
opcralcxt  on the vol[agc plalcau,  “J’his cxp]ains [hc
higher liONV during tbc period of the occultation
period wit]] the shmlcr duration cclipscs.

Conclmions

I)uring the J’i[-st  two occul[alion  periods lhc bal(crics
on the ‘J’ol’li X/1’ OSl~ll)ON”  satclli(c  have been
performing within Ihc gui(iclincs  scl by Ihc Ilal[cry
Maaagcmcn(  ‘1’cam prior 10 launch. ‘J’hc degradation
dc[cc(cd  by the various ballcry parameters trended to
dale: is nom. ~“hc C/1) ratios were aclivcly
conlmllcd  wilhin lllc appropria(c  limits. Dy aclivcly
managing the V~J’ ICVCIS IIIC C/J) ralios were
Illainlaincd  on tin average lower than 108.5. ‘1’llc ncl
ovcrchar~c  was minimimd. ‘J ‘hc peak charge current
was maintained below ?0 A cxccpl for (11c safcho]d
Jmriod (4 orbils at 30 A). ‘J’hc tapCr Clll~C1ll  of the
bal[cl”ics  hns been maintained at the lCVCIS of initial
opcl-alien which indicalcs low rate of degradation.
‘1’l]c vo]tagc diffcrcnlial  has bcm within 3 l)N counts
( 16.5 n~V) at all tinlcs cxccpt  for cclipsc dura[ion
lower (jlan 1() minutes where it cxhibilcd  cusps 104
1 )N COUMS  (2?111V).  7“IIC lioNV was above 27.52 V
al a l l  (imcs, which may also indicalc a low
dcfyadalion rate. 1 lowcvcr, this conc]udcs  only 1/11
par( of Ihc total mission. Wc anticipate tha[ with
plopc[ bat[cry management lllc performance of lhc
ballci  ics will conlinuc  to remain al optimum  levels.

‘1’lw work dcsc.rilmt in Ibis paper was carried out al
(IK! Jcl l’repulsion 1.aboralory,  California lnslilutc  of
‘J’cclmo]ogy, under contrac( wit]] tbc National
Acronau[ics  and Space Administration. Wc also
acknowjcdgc  lhc support of Ibc ‘J’()]  ‘}{X/l’OS] 11 I )ON
pI”ojcLl  ,
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